The P 4 W 8 O 32 compound is a member of the low-dimensional monophosphate tungsten bronzes family whose reduced dimensionality induces electronic instabilities such as charge-density waves ͑CDWs͒. We report here the direct mapping of the Fermi surface ͑FS͒ of this compound at room temperature using synchrotronradiation angle-resolved photoemission. The recorded FS images confirm the superimposition of three nested sheets, as proposed by the hidden-nesting model. We found two well defined parallel stripes along the ⌫Y direction as well as a crosslike feature. Moreover, the small FS splitting predicted by ab initio calculations was distinguished in the experimental data. To extract quantitative information on the CDW phase transitions, the values of the nesting vectors were also determined from the FS topology. The obtained values were in excellent agreement with existing tight-binding calculations, although the accord was even better with the recently published ab initio theoretical predictions.
I. INTRODUCTION
Low-dimensional systems have attracted much attention in recent years because of their unusual chemical and physical properties, which initiated a lot of theoretical works. 1, 2 In these systems, a strong structural anisotropy is reflected in the electronic structure that exhibits uncommon features such as low-dimensional transport, anomalous magnetic properties, metal-insulator and metal-metal transitions, and periodic lattice distortions. 3 In general, low-dimensional metallic oxides exhibit two types of electronic instabilities: charge-density wave ͑CDW͒ or superconductivity. The presence of these electronic instabilities is closely related to the anisotropy of the Fermi surface ͑FS͒. Regarding the CDW, it is characterized by a structural q ជ ϭ2k ជ F modulation. This structural modulation should be associated with a FS that presents enough nesting in the normal state, i.e., large flat areas connected by a q ជ ϭ2k ជ F vector. This specific shape of the FS allows a coupling between the vibrational modes of the lattice and the electrons, leading to the formation of electron-hole pairs at the Fermi energy, and corresponds to the tendency of materials to decrease their electronic energy by opening a gap. The coupling between the lattice and the electron gas leads to the CDW state which is a periodic lattice distortion coupled to an electronic density modulation.
The main families of CDW materials are charge-transfer organic salts, 4, 5 transition-metal chalcogenides, 6, 7 and molybdenum and tungsten bronzes.
2 Several works have focused on the study of monophosphate tungsten bronzes ͑MPTB͒, which is a family of low-dimensional conductors with the general formula (PO 2 ) 4 (WO 3 ) p (WO 3 ) q . The essential building units of these materials are WO 3 octahedra sharing O corners to form W-O step layers. Two neighboring layers are linked across PO 4 tetrahedra planes ͑Fig. 1͒. 2 Electron and x-ray diffraction studies have shown that several members of the MPTB family exhibit low-
FIG.
1. Projections of the structure of the (PO 2 ) 4 (WO 3 ) 4 (WO 3 ) 4 compound along two of the crystallographic directions. ͑a͒ Projection along a ជ shows perovskite-type layers made up of WO 6 octahedra and linked across PO 4 tetrahedra, represented here as triangles. Pentagonal tunnels are formed in the junction between two W-O layers. ͑b͒ Projection along c ជ shows 1D chains formed by WO 6 octahedra along a ជ and a ជ Ϯb ជ directions. temperature periodic lattice distortions. In the particular case of the MPTB family members where pϭqϭmр6, the CDW phase transition is theoretically explained by the hidden-nesting mechanism. 8 This model [9] [10] [11] [12] describes the FS as a superimposition of different sheets related to the onedimensional ͑1D͒ chains that form the MPTB structure. The CDW instabilities detected in these materials would be the result of the different nesting wave vectors associated with these 1D chains. The hidden-nesting mechanism has been directly observed by Gweon and co-workers in the FS of the low-dimensional molybdenum oxides NaMo 6 O 17 and KMo 6 O 17 . 13 The full understanding of the electronic properties of the MPTB compounds requires the complete comprehension of their FS. This is crucial because the CDW wave vector q ជ is determined by the FS topology. The most suitable technique to obtain the FS map of these compounds is angle-resolved photoemission spectroscopy ͑ARPES͒. Two complementary methods can be used. The first one consists in following the dispersion of the bands from energy distribution curves, and obtaining from them the k-space point where a band crosses the Fermi level. The second method uses a 2D map of the FS obtained by monitoring the photoemission intensity in a narrow window centered at the Fermi level, as a function of emission angles. This second method has proved recently to be extremely effective in detecting even tiny features at the FS. In our analysis, we have used this automatic scanning method, where the intensity at the Fermi level is recorded along a series of azimuthal scans, each step being repeated at different polar angles within a given photon energy.
In this paper, we have studied the mϭ4 member of the (PO 2 ) 4 (WO 3 ) 2m family, which exhibits two Peierls transitions at ϳ80 K and ϳ52 K.
14 Both phase transitions are of second order. X-ray diffraction data have shown that they correspond to an incommensurate CDW ͑Refs. 15-17͒ with two vectors: q ជ 1 ϭ͓0.330(5),0.295(5),0͔ and q ជ 2 ϭ͓0.340(5),0,0͔ in reciprocal lattice units. Each transition coincides with an anomaly in the resistivity curve and with a decrease of the magnetic susceptibility, both related to the opening of partial gaps at the Fermi level. In spite of the large number of works devoted to the MPTB compounds, their electronic band structure has only recently been investigated experimentally. 18 In order to obtain a deeper understanding of the electronic properties, we have measured the FS at room temperature throughout a large k space and we have determined the nesting wave vectors responsible for the two CDW phase transitions. The results allow to establish a direct link between the resistivity anomalies and the electronic behavior of the compound. The obtained data agree quite well with the existing theoretical calculations, which support that the CDW transition is based on a hidden-nesting mechanism.
II. EXPERIMENT
The experiments were done in the SU8 beamline at LURE ͑Orsay͒ receiving synchrotron radiation from Super Aco storage ring. The measurements were taken at room temperature, consequently above the critical temperature of the studied samples. The typical size of the samples was 2ϫ2 mm 2 , and they were grown using the chemical vapor transport technique. 19 The crystals were cleaved in situ in ultra high vacuum ͑base pressure 5ϫ10 Ϫ11 mbar). The chamber was equipped with a 50-mm hemispherical VSW angle-resolving analyzer mounted on a two-axes manipulator with an overall angular resolution of 0.5°. The FS was measured with 45°p olar angle range and 360°azimuthal angle range. For the selected energy hϭ30 eV, typical energy resolution was of 50 meV. The quality of the sample was monitored during the data acquisition by measuring the spectral intensity between the conduction and the valence band. The orientation process was done in two steps using x-ray based techniques in order to avoid any electron damage of the samples by electron bombardment. 20 All the samples were aligned using x-ray photoelectron diffraction, which provides a very precise method to determine the high-symmetry directions, and the normal to the surface. Lately, after all the samples were studied, their orientation was confirmed by low-energy electron diffraction.
III. CRYSTALLOGRAPHIC STRUCTURE
MPTB have been synthesized and their structures have been studied for more than 20 years. The small m members crystallize in an orthorhombic lattice. The structure is built up from perovskite-like ReO 3 -type infinite layers of WO 3 octahedra stacked along the orthorhombic ͑001͒ direction ͓Fig. 1͑a͔͒. The WO 3 octahedra are linked together forming chains running along a ជ and a ជ Ϯb ជ crystallographic directions ͓Fig. 1͑b͔͒. Neighboring step layers are connected by planes of PO 4 tetrahedra, giving rise to pentagonal-shape tunnels in the junctions ͑Fig. 1͒.
The p and q indices of the (PO 2 ) 4 (WO 3 ) p (WO 3 ) q general formula indicate the number of WO 3 octahedra per unit cell needed to form the W-O layers. In the particular case pϭq ϭm, the general formula is reduced to (PO 2 ) 4 (WO 3 ) 2m . In the (PO 2 ) 4 (WO 3 ) 8 compound, each chain is composed of clusters of mϭ4 corner-sharing octahedra. The W 4 O 16 step layers of the mϭ4 member are the result of chain condensation, where the first octahedron of one chain shares the axial oxygen atom with the third octahedron of the following chain ͑13͒. During the formation of the W 4 O 18 chain, the tungsten octahedra suffer a distortion to reduce the strain. 17, 21 This distortion is mainly a rotation around the vertical axis.
Two successive step layers run following a herringbone pattern along the c direction 21 and they are related by a 2 1 -fold axis. The unit-cell sizes are aϭ5.285 Å, b ϭ6.569 Å, and cϭ17.351 Å. Due to the layered character of MPTB compounds, the surface projection of the Brillouin zone ͑surface Brillouin zone, SBZ͒ is straightforward: the rectangle formed by ⌫, X, Y, and S bulk symmetry points becomes the surface Brillouin zone formed by ⌫ , X , Ȳ , and M symmetry points, respectively.
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IV. RESULTS AND DISCUSSION
The electronic properties of the WO 3 layers were first explained by Goodenough 22 40 years ago. In the 1980s, Whangbo and co-workers performed theoretical tightbinding band calculations based upon the extended Hückel method. [9] [10] [11] [12] From these studies they showed that the essential features of the MPTB electronic structure can be explained from ideal W 4 O 16 step layer calculations. Because this step layer is common to all the compounds of the MPTB family, the electronic structure is very similar in all these materials.
The electronic structure near the Fermi level of this ideal step layer presents two bands, labeled a and b, as a consequence of the partial filling of the W 5d t 2g -block bands with electrons coming from the PO 2 groups. [9] [10] [11] [12] When the calculations are performed taking into account the real distortion suffered by the WO 3 octahedra ͓see Fig. 2͑a͔͒ , the double degeneration of the upper b band is lifted in bands b and c. The dispersive nature of these bands is due to the interaction between the W 4 O 18 chains and indicates the two-dimensional character of these bands. On the contrary, the deeper band a has one-dimensional nature, reflected in its nondispersive character along one particular direction. This electronic structure has recently been experimentally confirmed. 18 As these three bands are partially filled, they are cut by the Fermi level and therefore they contribute to the FS. The different Fermi-surface sheets associated with bands a, b, and c are represented in Fig. 2 in panels ͑c͒, ͑d͒, and ͑e͒, respectively. The complete FS of these compounds arises from the combination of these three contributions.
As explained above, it has been proposed that the stabilization of a CDW phase in these compounds is due to a hidden-nesting mechanism. In this model, the FS can be assembled as the addition of different sheets generated by the 1D chains that form the MPTB compound. Figures 2͑g͒ and  2͑h͒ show the mentioned sheets associated with the a ជ chains and a ជ Ϯb ជ chains, respectively. Because there is no symmetry relationship between the two 1D chain directions, there are two critical wave vectors related to each FS sheet, represented in the figure as 2k F2 and 2k F1 , and therefore two different CDW phase transitions. Due to the relatively complicated shape of the FS, the nesting is not perfect, so only localized gaps may open and therefore the low-temperature phase remains metallic.
More recently ab initio density-functional theoretical calculations have been performed for the mϭ4 member. 23 The electronic structure obtained is similar, except for the interlayer splitting, to that calculated with the extended Hückel method and corroborates the results obtained by Whangbo and co-workers, giving rise to a FS that confirms the hiddennesting model.
A. The Fermi surface
The experimental FS contour is shown in Fig. 3 . The image does not include any symmetrizations, therefore each point of the 360°image corresponds to measured data. The intensities were normalized with respect to the photon flux and represent a 2D image of the photoemission intensity at the Fermi level. 24 The image is plotted in a parallel momentum (k ʈ ) projection to facilitate the comparison with the theory. Normal emission corresponds to the center of the image. The data were taken with 30 eV photon energy in even detection geometry. 18 Using tunable synchrotron radiation it is possible to obtain a bulk FS slice by slice. However, since in this compound the 5d conduction electrons are located in the perovskite (WO 3 )-type slabs, the electronic properties are quasicylindrical and the FS can be described as a weakly corrugated cylinder. Thus, besides effects due to the energy-dependent cross section of the initial states and to final state effects, one photon energy should be enough to obtain the whole relevant information.
As can be seen in Fig. 3 , nine different SBZ's were probed in the experiment, which have been labeled by their corresponding ⌫ points. Bands a, b, and c ͓see Fig. 2͑a͔͒ cross the Fermi level, contributing to the FS. The bandwidths of these three bands are relatively large. 18, 25 This fact is reflected in the shape of the FS features, which are much broader than expected from theoretical calculations.
Some remarkable features are observed in the 2D FS mapping of Fig. 3 . The most relevant ones are two parallel bands that run along the ⌫Y direction. They are clearly detected in all SBZ's, but they exhibit maximum intensity in ⌫ 01 and ⌫ 01 SBZ's, where they become the most prominent features of the image.
Additional diagonal bright stripes running from M points to ⌫ points are also detected. These stripes form a crosslike shape. Although they are observed in all SBZs, they are specially intense in the inner corners of ⌫ 1 1 , ⌫ 11 , ⌫ 1 1 , and ⌫ 11 SBZ's. An interesting property of this FS image is related to the absolute intensity of the two different features. When the parallel bars are more intense in a particular SBZ, the crosslike feature is more difficult to see and vice versa. In ⌫ 1 1 , ⌫ 11 , ⌫ 1 1 , and ⌫ 11 SBZ's, the parallel bands look weaker, but the crosslike feature is easier to see. On the contrary, in ⌫ 01 and ⌫ 01 SBZ's, the parallel bands are more intense, hiding the crosslike feature. Finally, both structures are also observed in ⌫ 10 and ⌫ 1 0 SBZ's, but much weakly than in previous SBZ's.
All these variations between the intensity ratios of the features in different SBZ's are just a consequence of BZ selection rules, common in many systems. 26 The spectral intensity obtained in photoemission is not simply proportional to the spectral function, but it is weighted by the electronphoton matrix element. This matrix element is strongly k ជ dependent, so it will affect different SBZ's unequally, provoking the change in their relative spectral intensity. 27, 28 The mentioned different intensity ratio of two FS sheets in different SBZ's supports the hidden-nesting model too. This theoretical model is correct only under the hypothesis of a weak interaction between different chains, which brings a weak orbital hybridization between relevant chain orbitals. This assumption may be reasonable for this compound, since the three chains are related to different W 5d orbitals. If the two FS sheets come from chains not related by any symmetry elements, it is reasonable to expect a different behavior of the matrix element, and so different intensity dependence in different SBZ's. Figure 3͑b͒ shows the 2D FS image together with the theoretical calculations from Refs. 10 and 23. Both calculated FS's are similar, but as will be discussed later, they exhibit some important differences. The consideration of the two theoretical calculations is very useful for our discussion, because although the ab initio predictions are more detailed and exhibit more structure, the tight-binding results are helpful to understand the orbital origin of the different features.
In Fig. 4 , the experimental results are plotted together with the decomposition of the FS in the different sheets as is proposed in the hidden-nesting model ͓see Figs. 2͑g,h͔͒. The parallel bands running along the ⌫Y direction coincide very well with the 1D FS sheet related to a ជ chains ͓Fig. 4͑a͔͒. In spite of their lateral modulation, their shape is very suitable for nesting. The 2D crosslike features correspond to the chains running along a ជ Ϯb ជ directions ͓Fig. 4͑b͔͒. They also present parallel areas that can contribute to nesting. Figure 5 displays an enlarged representation of the ⌫ 01 SBZ. Panel ͑a͒ shows the theoretical calculations together with the measured FS in this region. It can be observed that this SBZ is dominated by the parallel lines coming from a ជ chains. These sheets are observed as wide stripes centered around the vertical theoretical lines. As mentioned above, the experimental width of the stripes is due to the large linewidth of the electronic states. In this detailed image a lateral modulation in the parallel lines is observed. The brightest areas correspond to their intersection with the crosslike feature. The cross is also detected as an increase of the intensity around M points. An intensity depletion is also observed around X and Ȳ symmetry points.
The agreement between the experimental and the theoretical FS shape is in general very good. However, a squarelike feature is observed centered around the ⌫ point, where a rhombus form is expected from theory. The square shape is the result of the large linewidth of the electronic states. 18 Band b has a parabolic dispersion around ⌫ point, very close to the Fermi level ͓see Fig. 2͑a͔͒ . Its large linewidth produces an homogeneous intensity around ⌫ when it crosses the Fermi level.
In panel ͑b͒, only the theoretical calculations are represented, in order to make a deeper comparison between both of them. Tight-binding predictions from Ref. 10 But the most striking difference between both theoretical results is the splitting observed in the ab initio calculations, which is not present in the tight-binding predictions. However, the explanation is very simple: as reported by Sandre et al., this splitting arises from the interlayer coupling in the MPTB compound, so it is not expected to be found in the tight-binding calculations, taking into account that they were performed for a single layer.
This splitting is present in our experimental results. In order to evidence it, different FS cuts were performed along the direction perpendicular to ⌫Y , i.e., the 2k ជ F2 direction. Some of them, those contained in the zone included between the ⌫ 01 and ⌫ 02 SBZ's, have been reproduced in Fig. 6͑b͒ . The intensity maxima in each cut are emphasized with points. We can easily distinguish the splitting, for instance, in the zone close to the Ȳ point, in the features located at both sides. Similar behaviors have also been observed in other SBZ's. In order to compare the measured splitting with that obtained from the ab initio calculations, Fig. 6͑a͒ shows both results superimposed in the region were cuts in panel ͑b͒ were done. The points indicating the intensity maxima for each cut in panel ͑b͒ have also been superimposed to this FS map as an eye guide. By direct observation, we can conclude that the splitting predicted by Sandre et al., (ϳ0.02 Å Ϫ1 ) is clearly smaller than the experimental one (ϳ0.07 Å Ϫ1 ). This can be easily checked in the region situated on the left of the Ȳ point. Here the distance between the two sets of points that indicate maxima positions is larger than that between the white lines that represent the ab initio calculations. This means that the interlayer interactions, proposed as the cause of the FS splitting, have been underestimated in the theoretical calculations by Sandre et al.
In addition to this splitting, a detailed study of the FS reveals the presence of a lateral modulation in the straight features that run parallel to the ⌫Y direction. This warping results from the intralayer interaction between the different types of chains, a ជ and a ជ Ϯb ជ . Its magnitude has been experimentally determined by following the maxima relative to this feature in different FS cuts perpendicular to the ⌫Y direction throughout the ⌫ 01 , ⌫ 00 and ⌫ 01 SBZ's. Some of these cuts are displayed in Fig. 6͑b͒ . The modulation obtained is 0.16 Ϯ0.07 Å Ϫ1 . This modulation in the vertical feature coming from the a ជ chains is partially affected by the FS sheets coming from a ជ Ϯb ជ chains, as both contributions appear mixed in the regions where they intersect. This involves an interaction between partially filled bands with different orbital origin, whose effect is also shown in the hybridization gaps present in the FS in the places where sheets coming from different bands were supposed to cross. These gaps are a consequence of the fact that two bands avoid to cross themselves in the vicinity of the Fermi level, leading to the opening of these hybridization gaps in the FS. This is in fact the origin of the hidden nesting. 8 From the comparison between the experimental and the theoretical FS shape, we conclude that 2D FS images exhibit a very good agreement with theoretical calculations, and are in harmony with the hidden-nesting mechanism. However, the existence of the mentioned modulation and the large splitting means that the interlayer interaction in the MPTB compounds is stronger than expected. Therefore this interaction should be taken into account fully in future theoretical calculations, in order to improve the predictions derived from them.
B. The nesting vector
The nesting of the FS couples unoccupied states at the Fermi level with occupied states at the same energy by a q ជ CDW ϭ2k ជ F nesting vector. This produces a divergence in the q ជ -dependent electron-hole polarizability, leading to a CDW instability. 29 The nesting vector of the second transition corresponds to a charge modulation along the a ជ direction, i.e., the parallel lines along ⌫Y . In fact, this pair of stripes comes from the 1D chains running along the a ជ direction. Then, the Fermi vector can be extracted from the distance between the two maxima obtained in the FS cuts perpendicular to ⌫Y . Due to the modulation of this FS sheet, the k ʈy component of the total wave vector is affected by the modulation indicated in Fig. 6 . In order to get an average value, 150 different FS cuts have been done perpendicular to the ⌫Y direction throughout several BZs. In particular, they have been made in ⌫ 01 , ⌫ 00 , and ⌫ 01 SBZ's, where the parallel features are more intense. The results are shown in Table I and some relevant cuts are represented in Fig. 7͑b͒ . From these data we obtain a mean value of 2͉k ជ F2 ͉ϭ0.40Ϯ0.07 Å Ϫ1 . It is in very good agreement with the value obtained with x-ray diffraction, 0.404 Ϯ0.005 Å Ϫ1 by Ludecke et al. Considering the hidden-nesting model, the q CDW vector 2k ជ F1 of the first CDW transition links states located in the crosslike sheets of the FS ͓see Fig. 4͑b͔͒ . In order to extract the value of 2͉k ជ F1 ͉, different FS cuts along the k ជ F1 direction in different zones of the reciprocal space were made.
In Fig. 4͑b͒ several arrows ͑from A to G) have been indicated in order to identify the regions where the FS cuts have been done. It should be noted that each arrow represents the direction were several parallel cuts have been taken through. In this way, the influence of the modulation also present in these crosslike features was averaged. Some relevant cuts are plotted in Fig. 7͑a͒ , where the labels correspond to the labels in Fig. 4͑b͒ . The extracted mean values of 2͉k ជ F1 ͉ for each of the zones are shown in Table II 30 We conclude that the values of the nesting vectors agree well with the expected ones in order to stabilize a CDW phase transition.
V. CONCLUSION
The normal state FS of the mϭ4 member of MPTB has been studied by ARPES. Two kinds of features are detected in the topology of the FS: a pair of parallel lines along the ⌫Y direction and a crosslike feature centered around M points. Both shapes exhibit large flat areas which are very suitable for nesting. These results are compared with existing tight-binding 10 and ab initio 23 theoretical calculations. They are in agreement with the predictions of superimposed sheets that, according to the hidden nesting model, contribute to the FS. The FS splitting predicted as a consequence of interlayer interaction in ab initio calculations 23 is also observed in our experimental FS maps. In addition, we have also determined the modulation observed in the straight features appearing in the FS.
The nesting vectors of both phase transitions, 2͉k ជ F1 ͉ and 2͉k ជ F2 ͉, have been obtained from the FS mapping measured by ARPES. The values found are in excellent agreement with existing x-ray diffraction measurements. 17 The nesting vectors predicted by ab initio calculations, in better accord with our experimental results, are smaller than those derived from tight binding.
We conclude that the favorable nesting conditions and the values of the Fermi vectors support that this is the mechanism responsible for the CDW instability, and corroborate the hidden-nesting model. 
